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Abstract. We present all OSSE observations to date of
the Cas A supernova remnant. The objectives are to detect
the 44Ti lines, one of which has been reportedly detected
by COMPTEL, and the hard X-ray continuum above 40
keV, as indicated by HEAO-A2 measurements. Our best
fit flux in each of three *4Ti lines is (+1.76 +175) x 1075 5
em~2 s~ with x2 = 1.01, d.o.f.=1780. The implied **Ti
mass of ~107* Mg is compatible with explosive nucle-
osynthesis calculations. OSSE detected also a continuum
below 200 keV at better than 40 confidence level with a
flux of ~9 x 107* v cm™2 s7! MeV~! at 100 keV. This
continuum can be fitted equally well with a power law, an
exponential, or a thermal bremsstrahlung model. The im-
plied temperature of kT =35 keV can be interpreted as the
emission from the shocked circumstellar matter (CSM) by
the primary blastwave of the supernova. Alternatively, the
continuum can also be interpreted as bremsstrahlung from
accelerated electrons that are also producing the observed
radio emission.
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thesis, abundances

1. Introduction

Gamma-ray observations of Cas A have generated some
excitement since the 40 detection of the 1.157 MeV **Ti
line by COMPTEL on CGRO (Iyudin 1994). Its impor-
tance to nuclear astrophysics is that the ejected 4Ti mass
can be used to constrain supernova core-collapse dynam-
ics and nucleosynthesis. The amount of “4Ti produced
in a core-collapse supernova depends on the mass cut
(how much mass falls back onto the neutron star), the
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pre-supernova composition inside 2 Mg, and the maxi-
mum temperature and density reached during the pas-
sage of the shock wave in the ejecta (Woosley & Hoffman
1991; Thielemann, Hashimoto, & Nomoto 1990). There
are large uncertainties in these parameters, which would
be greatly constrained by measurements of 4Ti . To y-ray
observers, the amount of *4Ti mass detected by COMP-
TEL means possible detections of #4Ti -line hot spots from
other nearby and recent supernova remnants.

In this paper, OSSE adds the excitement of a detec-
tion of hard X-rays between 40-200 keV from Cas A. X-
rays above 30 keV have been anticipated by HEAO A-2
data (Pravdo & Smith 1979), which suggested that ther-
mal bremsstrahlung emission of kT~30 keV was needed,
in addition to an 8.6 keV component, to fit those data.
The higher temperature component is interpreted as the
emission from shocked circumstellar material (CSM) by
the primary blastwave of the supernova and the lower
temperature component is the emission from the reverse
shocked ejecta. The model is supported by X-ray images
from the the Einstein Observatory (Fabian et al. 1980),
which show emission from two thin concentric shells with
temperatures of 0.65 keV and 4 keV. The lower tempera-
ture is confirmed by ROSAT observation in the range 0.1-
2.4 keV whose emission can be fitted with kT=0.68 keV
(Hartmann et al. 1995). However, the 2-12 keV Tenma
data (Tsunemi et al. 1995) could be fitted with a single
thermal bremsstrahlung continuum with temperature of
3.8 keV. EXOSAT 0.5 — 25 keV data (Jansen et al. 1988)
do not require the ~30 keV thermal bremsstrahlung emis-
sion indicated by HEAO A-2 data, but it can not exclude
that component. Jansen et al. (1988) concluded from EX-
OSAT images that the 3.8 keV component measured by
Tenma is not the emission from the reverse-shocked ejecta
but from the primary shocked CSM.

Another interpretation of Cas A emission above 16 keV
has been proposed by Asvarov et al. (1989). They suggest
that the hard X-ray spectrum is due to the bremsstrahlung
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from accelerated nonthermal electrons at shock fronts. It
is this same electron distribution that produces the radio
synchrotron from Cas A SNR which has a spectral index,
a = 0.76 (where S, o« v~%, Allakhverdiyev et al. 1986;
Anderson et al. 1991). The model predicts a power-law X-
ray spectrum with power index, 6= a+1.5 = 2.26, above
16 keV, which is consistent with observations to date (As-
varov et al. 1989, The et al. 1995).

2. Observations

After the first OSSE Cas A observation (VP34) reported
by The et al. (1995), we obtained three more observations.
These OSSE pointing strategies were very similar to VP34.
The duration and number of detectors in each viewing
period are listed in Table 1. The OSSE spectral analysis
technique subtracts background measured in offset point-
ings of the detectors from the source pointings (Johnson et
al. 1993). The quadratically interpolated background esti-
mates are subtracted from each source spectrum to obtain
a difference spectrum for each 2-minute source pointing.
The average spectrum of each of the four OSSE detec-
tors is obtained for each viewing period. To fit the data,
a single photon model is convolved with an instrument
response function for each detector for each observation,
and each resulting count rate model is compared with each
observed count rate spectrum. A detailed description of
OSSE performance and spectral data analysis procedures
can be found in Johnson et al. (1993).

Table 1. Viewing Periods of OSSE Cas A Observations

VP# Start Stop No. Live Time
Date Date  Det  (10° sec)
VP 34 92/198 92/219 4 6.0
VP 411.1  95/045 95/052 4 3.3
VP 419.5 95/129 95/143 2 3.1
VP 420 95/143 95/157 4 6.2
Total 18.6

3. X-ray Continuum Detection

Figure 1 shows the photon spectra measured by OSSE and
by previous experiments. The dashed-dotted line is the
best thermal bremsstrahlung fit to the OSSE spectrum be-
tween 0.04-0.25 MeV. The model parameters are shown in
Table 2. The bremsstrahlung temperature kT=35 keV is
in agreement with the higher temperature component sug-
gested by HEAO A-2 observations (Pravdo & Smith 1979).
The HEAO A-2 high-T component intensity is (~1.7 X
10719 ergs cm 2 s71) and its 30 upper limit in the energy
range of 0.2-60 keV is ~2.6 x 107° ergs cm™2 s~!, while

the extrapolated flux of OSSE measurement in the same
range of energy is ~7.3 x 107! ergs cm~2 s7!.

The power-law spectrum proposed by Asvarov et al.
(1989, Eq.(2) in The et al. 1995) fitted to OSSE data be-
tween 0.04-0.25 MeV does not produce a good fit (x2
= 1.183 for D.O.F.= 488) shown in Figure 1 as a long-
dashed line. If we allow the overall intensity parameter to
vary the result improves to x2 = 1.138 with intensity of
(10.7 £ 2.4) x 107* v cm™2 57! MeV~! at 0.1 MeV. If
we relax both the power-law index and the intensity in
the fit, we obtain the fit shown in Figure 1 as a solid line
whose parameters are shown in Table 2.
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Fig. 1. Cas A broad-band photon spectrum. This figure shows
data from all four OSSE observations. OSSE upper limits are
20. The detected continuum is consistent with the extrap-
olation of HEAO A-2 data and with the accelerated elec-
tron bremsstrahlung spectrum (long-dashed line) for energy
above 16 keV. The solid line is the best-fit power-law and the
dashed-dotted line is the best-fit thermal bremsstrahlung to
the energy range 0.04 — 0.25 MeV. The short-dashed line is
the bremsstrahlung fit to Tenma data given by Tsunemi et al.
(1986).

In this measurement OSSE detects an X-ray contin-
uum above 40 keV. This continuum is consistent with
an extrapolation from HEAO A-2 data. Comparison of
Tenma and OSSE data clearly shows that OSSE detects
another hard component not detected previously. How-
ever, Tenma and HEAO A-2 data are not consistent with
each other. A measurement of the entire 10-200 keV en-
ergy range is needed to clarify this situation.

4, 44Ti 4-Line Fluxes

In searching for **Ti line emission from Cas A SNR, we
perform an analysis similar to that of The et al. (1995,
i.e., assuming line widths of 2.5% of line rest energies in
fittings). Fit results are tabulated in Table 3 and shown in
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Table 2. 40-250 keV Continuum Fluxes

Continuum Flux®

power-law index or kT (keV) 2 D.O.F.

40 Lower LimitP

Power Law (+8.95 £ 2.11)  (-3.06+07%})
Exponential (+9.00 £ 2.65) (23.3+3))

Therm. Bremss.  (+9.16 &247) (35.0i%71_62)

2.54

1.136
1.134
1.134

486
486
486

+0.23
+0.03
+0.04

® Flux at 100 keV in units of 107* v em™> s7! MeV~l.
-2

> 40 lower-limit flux at 100 keV in units of 107% v cm s

Figures 2 and 3. We can not confirm the detection of the
1.157 MeV #4Ti line by COMPTEL, however, our results
are much more consistent with the lower COMPTEL line
flux, (4.240.9) x 107 v cm™2 s~ reported in these
proceedings (Schénfelder 1995) than with the initial re-
port of (7.0£1.7) x 107° v em™2 s~ ! (Iyudin 1994).
This lower flux from all observations apparently results
from the addition of new observations with quite low mea-
sured line flux. Considering statistical uncertainties only,
the OSSE and COMPTEL measurement are now formally
consistent with each other at 15% confidence, for a true
flux value of 3.5x107% v cm~2 sec™!. This flux trans-
lates into (1.0, 3.0)x10™* M, of **Ti for **Ti half-life of
(66.6, 46.4) yrs respectively (Frekers et al. 1980; Alburger
& Harbottle 1990), distance of 2.92 kpc (Braun 1985), and
age of 314 yrs (Ashworth 1980). This *4Ti mass perhaps
suggests that the higher *4Ti half-life is preferred as it is
unusual to produce **Ti mass larger than 1074 Mg in
supernova models (Timmes et al. 1995).

5. Discussion

Early X-ray observations of Cas A by the Einstein Ob-
servatory, HEAO A-2, Tenma, and EXOSAT in general
detected either a single or two-component thermal spec-
trum in the ranges 0.6-1 keV and 3.5-8 keV. The spectra
were interpreted as emissions from two physical regions in
the reverse shock model. Itoh (1994) and Hamilton (1983)
in calculating X-ray emission from young SNRs interac-
tion with CSM considered the nonequilibrium ionization
and temperature relaxation between electrons and ions
behind the shock. In the models where the electron and
ion temperatures are not in equilibrium, the ratio of the
electron temperature in the blastwave CSM and in the
reverse shocked ejecta is & 1. This model explains most
data from previous experiments but not the higher tem-
peratures suggested by OSSE data. However in the mod-
els where the electron and ion temperatures are equili-
brated at the shock front, the electron temperature in the
shocked CSM can be an order of magnitude larger than the
electron temperature in the denser ejecta (~3.8 keV, Itoh
1994 and Hamilton 1983). Thus if the photons detected by
OSSE are indeed of thermal origin, the electrons and ions
in the shock fronts are in equilibrium (Fabian et al. 1980).

1 MeV~!.
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Fig. 2. Average OSSE count spectrum (four observations)
from 0.04 to 0.11 MeV with fitted models overlaid. The solid
line is the best simultaneous fit to the separate ranges 0.04-0.15
MeV and 0.8-1.5 MeV with independent continua and three
T4 decay y-ray with fixed flux ratios of 1:0.98:1. The best-fit
line amplitude is (+1.76+ 1:Z§)X 107% v cm™? sec™t. The
dashed line is the best fit to the energy range of 0.04-0.15 MeV
with an exponential continuum and the 68 and the 78 keV
lines fitted simultaneously. The dotted line is the best fit of an
exponential continuum only.

The total measured energy flux received from the shocked
CSM is ~9 x 107! ergs cm~2 sec™! and the total mea-
sured energy flux received from the reverse-shocked ejecta
is ~2 x 1072 ergs cm~2 sec™!'.

Alternatively, the detected continuum can be in-
terpreted as the emission from nonthermal, shock—
accelerated electrons. This model is supported by the sim-
ilarity in the morphology between X-ray images and radio

maps of Cas A (Anderson et al. 1991)

6. Conclusions

1. OSSE, with more data than was available in initial
analyses (The et al. 1995), detects the 40-120 keV
continuum flux from Cas A. The best power law fit
to the continuum is (+8.95+2.11) x 10~* (E/0.1

Mev)—(3-06i8iﬁ) v em™2 s7! MeV~'. This power-
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Table 3. Measured Cas A Line Fluxes

Source Line Energy (keV) Continuum (MeV) Line Flux* X2 D.O.F.
i 67.9 & 78.4° Exp. (0.04-0.15) (+1.92 £12%)  1.132 248
1,157 Linear (0.80-1.50) (-0.78 & 2.50)  1.006 1552
67.9, 78.4, & 1,157° Exp. & Linear  (0.04-0.15 & 0.80-1.50)  (+1.76 £, 71) 1.014 1780
® Flux in each line in units of 107% v cm™2 s~

> Simultaneous fit to 68 keV and 78 keV lines.

¢ Setting the 68 keV, 78 keV, and 1.157 MeV line fluxes to ratios of 1 : 0.98 : 1.

0.006

0.002

—0.002

Counts/sec/bin

—0006 L L | L L | L L | L L
1.05 1.10 1.15 1.20
Energy (MeV)

Fig. 3. Same as Figure 2 but for energy range 1.05-1.25 MeV.
The dashed line is the best fit to the energy range of 0.8-1.5
MeV with a linear continuum and the 1.157 MeV **Ti line.
The dotted line is a fit of a linear continuum only. (see Table 3
for parameters).

law continuum is consistent with emission from shock-
accelerated electrons that produce the radio emission
from Cas A (Asvarov et al. 1989).

2. The detected continuum can be fit equally well with an
exponential continuum or a thermal bremsstrahlung
continuum. The thermal bremsstrahlung (kT =35
keV) is identical to the second component needed to
fit HEAO A-2 spectrum (Pravdo & Smith 1979) and
can be interpreted as the emission from shocked CSM
by the primary blastwave of the supernova.

3. The best fit to three *4Ti lines gives a *4Ti line flux
of (1.76+,55) x 107° v em™ s7! for each line
with a 99% confidence upper limit of 5.7 x 107° «
ecm 2 s, This measurement is consistent with zero
flux, but is reasonably consistent with the 1.157 MeV
flux measured by COMPTEL as reported in these pro-
ceedings (4.240.9) x 107° v cm™2 s~!; Schénfelder
1995). Combining the new COMPTEL and OSSE *4Ti
line flux measurements, the most probable *4Ti line
flux is 3.5 x 107® v cm~2 s7!, which translates
into 1.0x107* M. This mass is compatible with nu-

cleosynthesis calculations for *4Ti half-life of 66 yrs,
distance of 2.9 kpc, and age of 314 yrs.
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